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I. INTRODUCTION

--Continuous-wave (cw) chemical lasers are frequently operated at pressures

of the order of I Torr to achieve efficient lasing. At these pressures, the

medium is inhomogeneously (Doppler) broadened, and the line shape (gain coef-

ficient versus frequency), under power on operation, is a function of the

viewing angle. For example, when viewed along the optical resonator axis, the

line shape may have ole because of the radiation field'; when viewed from

a direction orthogonal to the resonator axis, it is free of holes. This ani-

sotropy of the gain medium is the subject of the present study. The purpose

is to aid in the experimental validation of numerical cw chemical laser codes

wherein the line shape, as viewed along the resonator axis, is predicted, and

experimental measurements of power on gain are made from an orthogonal

direction.

In the first portion of this study, general expressions for line shape

are deduced. These expressions are then applied to determine both the axial

and orthogonal gain distribution in a low pressure multimode cw chemical laser

with a Fabry-Perot (F-P) resonator.
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II. THEORY

A. Line shape

Consider a gain medium with mean velocity u in the x direction and thermal

velocities v Vy, v in the x, y, z directions, respectively (Fig. 1). The

resonator axis is considered to be parallel to the y axis. Let v denote the

resonant frequency for particles at rest. The particles with velocities

v and v are resonant with frequencies1 (i.e., Doppler effect)
y z

V- )y (a)

0

V

1i) Z = (Ib)V z c
0

for radiation in the y and z directions, respectively. Particle velocity and

resonant frequency can be used interchangeably. Consider a two-level model

and introduce the notation

An -n 2 - n1  (2a)

[An(V)J - n I vj (2b)

[An(v)] z  [n2(v) - nl(n(v)]z (2c)

where An is the net difference between the number of particles, per unit

volume, in the upper (subscript 2) and lower (subscript 1) lasing levels. The. -

quantities [An(v)y dv and [An(v)] dv denote the number of particles in the
y z

frequency interval v to v + dv that are resonant with radiation in the y and z

directions, respectively. The Doppler broadened gain coefficient in the y and

z directions is then

7
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g y(v) =a 0 f L(v-v')[An(v')] dv' (3a)

9 (v f CO L(v-v')[AnWv)J dv' (3b)

where

a(v v')=d 2a"
L(vov) [ + 4( ) (3c)

o hi

Here Av is the homogeneous width (FWHM) for the medium, a(v,v) is the cross
h

section for stimulated emission at v resulting from particles with "velocity"

V and a 0denotes a(v, "p2
The quantity [An(v') ( in Eq. (3a) is found from a consideration of the

y

optical resonator and may exhibit holes in the vicinity of optical mode

frequenciesL However, An(v')] has a Maxwellian distribution because there

o 2
z°

aere no h exteal ofactor s twitur tFhe) equirh meium, n ~ )i the crircio. ohs

-- ____ p0 exp(-X )(4a)

where

1/2
p [(4 In 2)/n] /AVd (4b)

X H (4 In 2) 1/2 (V-V 0)/AV d(c

and AV is the Doppler width (FWHM).
d

A* / 1/2a / eson[o W n 2)kT/m ic.
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We now consider the limit AVh/AVd + 0. The quantity An(v') can be

evaluated at v = V in Eqs. (3a), and (3b); these become S,

g (v) = (7/2)a AV [An(v)] (5a)

g(v) = (n/2)o AV p An exp(-X2 ) (5b)
"0 p0

Also,

gy(V) [An (v)](= (6)

zPO An exp (-X2)

Thus, in the present limit, the ratio of the gain at frequency v in the y and

z direction is simply equal to the ratio of the number density of the parti-

cles that are resonant with the radiation in y and z directions, respectively.

Numerical estimates for g (v)/g (v), for a multimode chemical laser, are
y

obtained in the next section using the results of References 3 and 4.

B. Multimode Chemical Laser

We consider a multimode low pressure cw chemical laser in the limit

AV /Ay + 0. An F-P resonator is assumed. The laser is illustrated in Fig. 2.
h d

It is assumed that the F-P resonator is in perfect alignment and that no dif-

fractive coupling occurs between the optical modes at adjacent streamwise

stations. It is assumed further that the mirror separation L is sufficiently

large that the longitudinal mode separation Av = c/(2L) is of order AVh or

smaller. The latter assumption results in a large number of longitudinal

10
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modes that truncate the line shape, when viewed along the optical axis, as

indicated in Fig. 3. The performance of this laser was evaluated in Reference

3 using a two-level model. The corresponding gain, when viewed in the z

direction, is obtained here.

Let = k x/u be a normalized streamwise distance, where kcd is a

characteristic deactivation rate, and let vf denote the highest longitudinal

mode frequency which is excited at each streamwise station. Introduce

1/2
Xf = (4 in 2) (Vf-V )/Av d  (7)

which is a function of e. The number of longitudinal modes, at each stream-

wise station, equals (v f-V )/Av and is large because Av is small. Thefo c c

resultant line shape, when viewed from the y and z directions, is illustrated

in Fig. 3. The variation of [6n(v)z/(po An) with frequency is Maxwellian as

indicated in Eq. (5b). The variation of [An(v)J y/(p An)] with frequency

is flat, in the range JXJ < Xf because lasing suppresses The gain coefficient

to the resonator threshold value, gc" However, the variation of

[An(v) Jy/(po0 An) with frequency is Maxwellian in the range JXi > Xf. The

condition that the net number density difference An be the same, when viewed

from either the y or z directions, indicates that the area under each of the

curves, in Fig. 3, is the same. Hence these curves are related by the

expressions

Note from Fig. 3 that there are more upper level particles with large

thermal velocities in the ±y direction than there are upper level particles
with large thermal velocities in the +z direction. This is because upper

level particles with velocities vy that correspond to IxO>Xf are unaf-

fected by the radiation field whereas upper level particles with velocity

v are "homogeneously" deactivated by the radiation field.

12
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- exp(-X 2) 
(8a)

.p An
0

[An(V)y 2Xf-
1 [2- + exp(Xf2 )erfc Xf] -1IxI Xf (8b)

p An

1 [ -exp(X 2f X2 ) IXj > Xf (8c)

The gain ratio, at v ,is simply

gz(vo) 2Xf

g (v exp(Xf)erfc Xf (9)

which is plotted in Fig. 4. The ratio is a function of Xf, which, as

previously noted, is a measure of the number of longitudinal modes excited at

each streamwise station 4.

An analytic solution can be obtained for the variation of gz/gy with

streamwise distance by considering the limit

k c
- k-cr gc1 - gc

«>> 1 << i; R --0(1) (10)cd mzp mzp

Here R is the ratio of the translational cross relaxation rate to the

collisional deactivation rate and has a value of order 100. 3 The quantity

gc/gmzp is the ratio of resonator threshold gain gc to the maximum zero power

gain that is achieved in the laser medium, gmzp" The latter is the line

center gain at - 0.3051 under nonlasing conditions.3  The ratio gc/gmzp

typically equals 0.01 in.a highly saturated laser. Hence the assumption

Rgc/gmzp 0(1) is realistic. The variation of Xf with is then 4 (for c 0)

14
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- [(2 + 2 8] /4 (la)

____ R _g__ 2 . 2 xf
g Rexp(Xf)erf X f---2 ]  

(jib)8 1.804 mzp ,'

The variation of g (V )/g (Vo) with streamwise distance is obtained from Eqs.
y 0 z 0

(9) and (11) and is plotted in Fig. 5 as a function of laser saturation level.

The lasing region extends from = 0 to 4 = 1/2. The ratio gz(v )/g y(V 0)

varies from values of 1.5 to 2.5 near - 0 to the value 1, at - 1/2. The

gain ratio increases as the degree of saturation increases (i.e., as Rg /g
c mzp

decreases). For an F-P resonator, gy (v ) = go, so that the ordinate in

Fig. 5 can be interpreted as gz (V )/g . The corresponding values of Xf vary

from 1.0 to 2.0 near - 0 to 0 near = 1/2 as may be inferrred from Figs. 4

and 5. The present results require perfect alignment of the F-P resonator and

no diffractive coupling between adjacent streamwise stations, as was

previously assumed.
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III. CONCLUSIONS

The present study has discussed gain anisotropy in low pressure cw

chemical lasers and has provided numerical results for the case of a saturated

multimode laser with an F-P resonator. Values of the gain ratio g (V )/g (o)-
z0 y 0

up to about 2.5 were obtained for the particular cases considered herein. It

may be concluded that the gain ratio differs significantly from one during

leasing.

The value of g (V )/g (CVo can be easily obtained in the course of numer-
o y 0

ical resonator calculations for low pressure chemical lasers. Such codes

(e.g., Reference 2) presently compute g (V ) and the local net inversion. The
yo0

corresponding value of gz(Vo) is obtained from the local net inversion by

assuming a Maxwellian velocity distribution [e.g., Eq. (Sb)]. Hence, exper- S

imental power on measurements of g (v ) can be used to provide a check of
z0

numerical code predictions.

The effect of source flow on gain anisotropy can be deduced from Ref. 5

and has not been considered herein.

%"
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LABORATORY OPERATIONS r

The Aerospace Corporation functions as an "architect-engineer" for

national security projects, specializing in advanced military space systems.

Providing research support, the corporation's Laboratory Operations conducts

experimental and theoretical investigations that focus on the application of

scientific and technical advances to such systems. Vital to the success of

these investigations is the technical staff's wide-ranging expertise and its

ability to stay current with new developments. This expertise is enhanced by

a research program aimed at dealing with the many problems associated with

rapidly evolving space systems. Contributing their capabilities to the

research effort are these individual laboratories:

Aerophysics Laboratory: Launch vehicle and reentry fluid mechanics, heat
transfer and flight dynamics; chemical and electric propulsion, propellant
chemistry, chemical dynamics, environmental chemistry, trace detection;
spacecraft structural mechanics, contamination, thermal and structural
control; high temperature thermomechanics, gas kinetics and radiation; cv and
pulsed chemical and excimer laser development including chemical kinetics,

spectroscopy, optical resonators, beam control, atmospheric propagation, laser

effects and countermeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions,
atmospheric optics, light scattering, state-specific chemical reactions and
radiative signatures of missile plumes, sensor out-of-field-of-view rejection,
applied laser spectroscopy, laser chemistry, laser optoelectronics, solar cell
physics, battery electrochemistry, space vacuum and radiation effects on
materials, lubrication and surface phenomena, thermionic emission, photo-

sensitive materials and detectors, atomic frequency standards, and
environmental chemistry.

Computer Science Laboratory: Program verification, program translation,

performance-sensitive system design, distributed architectures for spaceborne
computers, fault-tolerant computer systems, artificial intelligence, micro-
electronics applications, communication protocols, and computer security.

Electronics Research Laboratory: Microelectronics, solid-state device
physics, compound semiconductors, radiation hardening; electro-optics, quantum
electronics, solid-state lasers, optical propagation and communications;
microwave semiconductor devices, microwave/millimeter wave measurements,
diagnostics and radiometry, microwave/millimeter wave thermionic devices;

atomic time and frequency standards; antennas, rf systems, electromagnetic
propagation phenomena, space communication systems.

Materials Sciences Laboratory: Development of new materials: metals,
alloys, ceramics, polymers and their composites, and new forms of carbon; non-
destructive evaluation, component failure analysis and reliability; fracture
mechanics and stress corrosion; analysis and evaluation of materials at

cryogenic and elevated temperatures as well as in space and enemy-induced

environments.

Space Sciences Laboratory: Magnetospheric, auroral and cosmic ray
physics, wave-particle interactions, magnetospheric plasma waves; atmospheric
and ionospheric physics, density and composition of the upper atmosphere,

remote sensing using atmospheric radiation; solar physics, infrared astronomy,
infrared signature analysis; effects of solar activity, magnetic storms and

nuclear explosions on the earth's atmosphere, ionosphere and magnetosphere;
effects of electromagnetic and particulate radiations on space systems; space

instrumentation.
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